Absorption spectra of the purified cytochrome b6f complex from Chlamydomonas reinhardtii were monitored as a function of the redox potential. Four spectral and redox components were identified: in addition to heme f and the two b hemes, the fourth component must be the new heme c i (also denoted x) recently discovered in the crystallographic structures. This heme is covalently attached to the protein, but has no amino acid axial ligand. It is located in the plastoquinone-reducing site Q i in the immediate vicinity of a b heme. Each heme titrated as a one-electron Nernst curve, with midpoint potentials at pH 7.0 of ؊130 mV and ؊35 mV (hemes b), ؉100 mV (heme c i), and ؉355 mV (heme f). The reduced minus oxidized spectrum of heme c i consists of a broad absorption increase centered Ϸ425 nm. Its potential has a dependence of ؊60 mV͞pH unit, implying that the reduced form binds one proton in the pH 6 -9 range. The Q i site inhibitor 2-n-nonyl-4-hydroxyquinoline N-oxide, a semiquinone analogue, induces a shift of this potential by about ؊225 mV. The spectrum of c i matches the absorption changes previously observed in vivo for an unknown redox center denoted ''G.'' The data are discussed with respect to the effect of the membrane potential on the electron transfer equilibrium between G and heme b H found in earlier experiments.
T he cytochrome b 6 f complex is one of the three membrane protein complexes composing the electron transfer chain of oxygenic photosynthesis together with the photosystem (PS) I and II reaction center complexes. It is a plastohydroquinone: plastocyanin oxidoreductase whose role is similar to that of the bacterial or mitochondrial bc 1 complex (for recent reviews, see refs. [1] [2] [3] . It catalyzes the electron transfer from the lipid-soluble plastoquinol to the soluble protein plastocyanin contained in the luminal space. A part of the redox energy is used to drive an electrogenic electron͞proton transfer loop that results in the translocation of one additional proton per electron from the stroma into the lumen, in accordance with the Q-cycle scheme (ref. 4 and see ref. 5 for a recent discussion of the mechanism). The oxidizing site Q o splits the quinol electrons along two different paths. One electron goes into a high potential chain comprising the (Fe-S) 2 cluster of the iron sulfur protein subunit and the c-type heme of the cytochrome f subunit. These redox centers are located close to the lumen, where cytochrome f reacts with plastocyanin. The second electron enters a low potential chain including the two b-type hemes of the cytochrome b 6 subunit. This route is directed across the membrane and leads to the quinone reduction site Q i . Accumulation of two electrons at this site allows the reduction of one plastoquinone (PQ), with two protons taken up from the stroma. Although these features are similar to those found in the bc 1 complex, the b 6 f has additional functions. Evidence for a proton pumping pathway, acting in addition to the Q-cycle, has been reported (6, 7) . The b 6 f complex is believed to be involved not only in linear (water 3 PS II 3 b 6 f 3 PSI 3 NADPH) electron transfer but also in a cyclic pathway around PS I. Thus, the complex is probably able to catalyze the reduction of quinone at the Q i site by reduced stromal ferredoxin (for a review see ref. 8) . It is also a key element in the signaling pathway designated as ''state transitions.'' This regulation process controls the allocation of lightharvesting proteins to PS I and II and the switch between the cyclic and linear electron transfer regimes, in response to the physiological needs of the chloroplast as expressed by the redox state of the PQ pool. The Q o site of b 6 f is believed to act as the primary sensor, triggering a chain of events leading to the activation of a kinase and phosphorylation of the lightharvesting complexes (for a review see ref. 9 ).
Although b 6 f has additional functions of its own, it was widely expected that the electron transfer cofactors were essentially homologous to those of the bc 1 complex. It therefore came as a surprise when the x-ray structure of b 6 f revealed the presence of an additional heme with unusual structural properties. This heme named c i (10) or x (11) is covalently attached by a single thioether bond to the conserved Cys-35 of the b 6 subunit. It thus belongs to the c-type family, but here, the protein provides no axial ligand to the heme iron. In general, the heme iron is hexacoordinated in cytochromes c, with the exception of cytochrome c 554 (heme 2) (12) and cytochrome cЈ, both pentacoordinated. Cytochrome cЈ is a soluble protein found in many Gram-negative bacteria (see ref. 13 for a review). Its physiological function has long remained unclear, but a role for protecting against NO has been proposed (14, 15) . The cЈ-type heme has a mixed high͞intermediate spin (16) , and its absorption spectrum is dominated by the Soret peak in the blue region, whereas only a weak broad band appears in the green region. Heme c i is the only known example of a cytochrome heme natively devoid of axial ligands. It is located in the Q i pocket, inserted between the putative quinone binding site and heme b i (we denote as b i and b o the b hemes closest to the Q i and Q o sites, respectively). The heme plane is almost perpendicular to that of b i . The Fe-Fe distance between c i and b i is Ϸ9.8 Å, and the edge-to-edge distance between the hemes is even much smaller (4.7 Å). Some electronic density on the internal side of heme c i has been ascribed to a water molecule providing weak axial ligation to the Fe. This water is expected to be H-bonded to a propionate of heme b i . The structural information thus suggests that heme c i must be an essential factor for quinone reduction at the Q i site. One also expects rapid electron transfer and significant interactions between hemes c i and b i .
Earlier studies of the b 6 f complex had provided no clue as to the involvement of an additional cofactor, with one exception. In experiments with the unicellular alga Chlorella sorokiniana, Lavergne (17) and Joliot and Joliot (18) reported the existence of a new redox center, which was called ''G.'' This carrier was shown to exchange one electron with a b heme, with an equilibrium constant depending on the membrane potential. With untreated aerobic algae in the dark-adapted state, a fraction of the complexes appeared to have one electron in the (G͞b) couple, with a predominance of the (G red ͞b ox ) state. The effect of the light-induced membrane potential was then to shift the redox equilibrium toward b reduction (G ox ͞b red ). The reoxidation of cytochrome b appeared correlated with the decay of the membrane potential and was coupled to the growth of an absorption band Ϸ425 nm ascribed to G. The effect of the membrane potential, promoting b reduction by G when the lumen is positively charged, implied that G was located closer to the stromal side than its b partner. Furthermore, the sensitivity and apparent linearity of this effect suggested that the b heme was only slightly more reducing than G [by 20 -30 mV (17, 18) ]. Because a large fraction of the complexes was found to contain one electron in the (G͞b) couple under mild reducing conditions, it was proposed that the heme involved was the high potential one, b H (presumably b i ), rather than the low potential one (b L heme, presumably b o ). The reduced minus oxidized spectrum of G was essentially consisting of a broad absorption increase Ϸ425 nm, with no obvious change in the green region. On this basis, it was proposed that G could be a cЈ-type heme (18) . Clearly, the heme c i appears as a good candidate to be identified with G. The absence of strong axial ligands may be expected to result in a high-spin or mixed-spin character, with an optical spectrum similar to that of a cЈ heme. The heme c i is located closer to the stromal side than b i , so that the electrogenic character of the electron transfer between both partners is in qualitative agreement with that ascribed to the (G͞b) couple. One goal of the present work was to determine the optical and redox properties of the heme. As will be shown, the results confirm the proposed identification with G, but also raise intriguing questions for interpreting the observations made in vivo.
Materials and Methods
Sample Preparation. Purification of the 6-His-tagged b 6 f complex from Chlamydomonas reinhardtii was performed as described (10) .
Optical Spectroscopy. Absorption changes were measured with a laboratory-built spectrophotometer with a xenon flash lamp as a light source (19) . Laser-flash photolysis experiments were performed with a laboratory-built laser spectrophotometer (20) using the frequency-doubled 532-nm pulse from a Nd:YAG laser (5-ns duration, 10 mJ per pulse) for the photodissociation of CO.
Redox potentiometry was performed with a laboratory-built thin spectroelectrochemical cell (200-m optical path length) similar to that described in ref. 21 . The working electrode is a thin gold grid (InterNet, Minneapolis) modified by 2-pyridinecarboxaldehyde thiosemicarbazone (Sigma) to avoid protein adsorption. A platinum counterelectrode and an Ag͞AgCl reference electrode were in contact with the sample whose redox potential was clamped by a potentiostat. The sample, containing Ϸ10 M of the b 6 f complex, was supplemented with 100 mM KCl and buffered by 100 mM Mes (pH 6), Hepes (pH 7), or Tris (pH 8 or 9). The following redox mediators were purchased from Sigma and used at 5 M each: potassium ferricyanide [midpoint potential (E m,7 ) ϭ ϩ430 mV], p-benzoquinone (ϩ280 mV), diaminoduiol (ϩ341 mV), 2,5-dimethyl p-benzoquinone (ϩ180 mV), phenazine methosulfate (ϩ80 mV), ascorbate (ϩ30 mV), duroquinone (ϩ5 mV), menadione (0 mV), 2,5-dihydroxy-pbenzoquinone (Ϫ60 mV), anthraquinone (Ϫ100 mV), anthraquinone 1,5-disulfonate (Ϫ170 mV), anthraquinone 2-sulfonate (Ϫ225 mV), and benzyl viologen (Ϫ350 mV). Inhibitors of Q i and Q o sites, decyl-PQ (DPQ) and 2-n-nonyl-4-hydroxyquinoline N-oxide (NQNO), were purchased from Sigma. 2,4-Dinitrophenylether of iodonitrothymol was a kind gift of A. Trebst (RuhrUniversity Bochum, Bochum, Germany), and tridecyl stigmatellin was synthesized as described (22) .
The equilibration of the protein cofactors at the imposed redox potential was monitored from the evolution of the absorption spectrum. It was more rapidly achieved (5 min) in the high (cytochrome f ) or low potential range (b hemes) than in the intermediate region (heme c i ) where it required Ϸ20 min. The spectral changes over a given potential change were the same in the oxidative or reductive direction.
Results
We recorded absorption spectra of the purified b 6 f complex from C. reinhardtii, varying the ambient redox potential from Ϫ300 mV to ϩ500 mV (vs. NHE). The titrations were generally started from the most reducing potential in the oxidative direction, recording the successive difference spectra with respect to the fully reduced state. It was obvious from the data, and confirmed by a global fit analysis, that four spectral components were present, titrating in distinct potential regions. Oxidation of two b hemes was observed in the Ϫ220-mV to 0-mV range, with two overlapping waves. Then, in the Ϫ20-mV to ϩ100-mV range, a component characterized by a broad band Ϸ425 nm was observed: we ascribe this to heme c i . Finally, the oxidation of cytochrome f was observed in the ϩ220-mV to ϩ420-mV range. Fig. 1A shows selected difference spectra that give a first approximation of the individual components. Fig. 1B shows redox titrations at pH 8, for absorption differences at selected pairs of wavelengths, which eliminate the contribution of c i (432-414 nm and 562-546 nm), or that of the b hemes (429-438 nm). The lines are fits of these data with a sum of one-electron Nernst curves, yielding E m s of Ϫ150, Ϫ50, 40, and 355 mV (at pH 8). For obtaining the spectra of the individual components shown in Fig. 1 C and D, we determined the E m s as in Fig. 1B and computed the spectra from the linear system by using selected redox potential differences. A global fit routine was also used, yielding similar results. The spectra and E M s of the b hemes are roughly similar to those reported (23) (24) (25) (26) (27) . However, we do not observe the difference in the ␣-band region that was found in the complex isolated from spinach, with the b H peak at shorter wavelengths (1-2 nm) than b L (24, 25) . We actually obtained (Fig. 1D ) a small difference (Ϸ0.5 nm) in the opposite direction, as reported by Joliot and Joliot (18) using cells of C. sorokiniana. The Soret peaks also have a similar peak wavelength (434 nm), but the overshoot Ϸ415 nm is specific to b L . The oxidized minus reduced spectrum of the heme c i consists of a broad band peaking Ϸ425 nm with isosbestic wavelengths Ϸ402 and 450 nm. Although no proper ␣-band appears, a broad feature with a small amplitude was consistently observed in the green region. The c i difference spectrum is similar to those reported for cytochromes cЈ (see refs. 28 and 29 for a review), although the blue band is located at a somewhat shorter wavelength (5-10 nm).
The b 6 f complex possesses a chlorophyll a cofactor, whose red absorption band peaks Ϸ667 nm (27) . We observed small absorption changes in this region during the redox titrations, which showed no consistent dependence on the redox potential but rather appeared caused by irreversible bleaching of the pigment. At variance with Wenk et al. (30) , we observed no chlorophyll band shift accompanying redox changes of the b hemes. We also searched (exploring up to 700 nm) for a long wavelength band that would be reversibly associated with the oxidation of heme c i and found no consistent evidence supporting this possibility. Such a long wavelength band is found in high spin hemes, although for cytochrome cЈ, the amplitude of this band is very small (29) .
Similar experiments were run at various pHs from 6 to 9. We observed no significant change of the spectra of the four hemes, but their midpoint potentials did show a pH dependence, as summarized in Fig. 2A . The stronger pH dependence was observed for heme c i (Ϫ60 mV͞pH unit). Consistent with previous findings (26), weaker slopes were found for the b hemes, about Ϫ14 and Ϫ18 mV͞pH unit for b L and b H , respectively, and cytochrome f showed no pH dependence between pH 7 and pH 8.
We searched for possible effects of ligands of both quinone binding sites on the spectral and redox properties of the b and c i hemes. No significant effect (see the data points at pH 7 in Fig.  2 A) was observed in the presence of 300 M decyl-PQ, 40 M 2,4-dinitrophenylether of iodonitrothymol (an inhibitor of the Q o pocket; ref. 31), or 20 M tridecy-stigmatellin, which also binds at Q o and was cocrystallized with the complex in the x-ray work (10, 11) . In contrast, the Q i pocket inhibitor NQNO (an analogue of semiquinone; ref. 32) turned out to have dramatic and complex effects on heme c i . Fig. 3 A and B shows the effect of NQNO (50 M) on the redox titrations of the c i and b hemes. The c i titration (Fig. 3A) is now split into two waves. The low potential wave implies a shift of Ϫ225 mV (at pH 7) with respect to the control in the absence of NQNO. NQNO also caused a 20- to 30-mV increase of the E m of heme b H , as shown in Fig. 3B . Fig.  3C shows that the spectrum of the low potential wave induced by NQNO (diamonds) is, within experimental accuracy, the same as that of c i in the absence of NQNO. Fig. 3A shows the effect of pH on the redox titration of heme c i in the presence of NQNO. When increasing the pH, the low potential wave is shifted toward lower potentials and its relative weight increases from Ϸ40% at pH 6 to Ϸ80% at pH 8. The plot of the E m values against the pH in the presence of NQNO is shown in Fig. 2B , compared with the fits obtained for the control (dashed lines). The dependence is close to Ϫ60 mV͞pH unit for the low potential wave. The E m of the high potential wave is constant below pH 7.5, but is smaller at pH 8.3, suggesting a pK a Ϸ7.5 for the oxidized form of the heme. Clearly, at pH 6 and 7 the high potential wave of heme c i in the presence of NQNO has a lower E m and different pH dependence in comparison with the control. This finding indicates that the high potential wave does not correspond to a fraction of sites devoid of NQNO. Cytochrome cЈ is known to bind CO in its reduced state, which is also the case for heme c i , as reported by Zhang et al. (33) . Fig.  4 shows the difference spectrum Ϯ CO of a sample reduced with dithionite. Photodissociation and rebinding of the CO adduct were observed after illumination of the sample with a 532-nm laser pulse. The kinetics of the process and the spectrum of the laser-induced change (similar to the Ϯ CO spectrum) are also shown. This difference spectrum is roughly similar to that reported in ref. 33 for the cyanobacterial complex, with a peak at 409 nm. The trough in our material is located at 430 nm rather than 424 nm, and we do not see a distinct feature Ϸ562 nm as described in ref. 33 . The observed changes resemble those previously observed for CO binding to the cytochrome cЈ from Chromatium (28) . The attribution of the CO binding to heme c i is confirmed by the absence of a significant change in the green region, excluding that the binding could concern one of the other hemes.
Discussion
Heme ci and Redox Center G. In this work, we have characterized the spectral and redox properties of the heme c i recently discovered to be the terminal element of the low potential electron transfer chain of the b 6 f complex. The oxidized minus reduced spectrum of the heme clearly confirms its identification with the redox center G described in previous work. In a preliminary report of this work (34), we used the spectra of c i and b H for constructing simulations of two experiments (17) . The simulated families of spectra mimicked satisfactorily the experimental ones. More directly, it may be seen that the spectra obtained at long times (1-2 s) after the illumination of quinonetreated algae ( figure 1 A and B in ref. 17 ) are close to the reduced minus oxidized spectrum of c i .
Joliot and Joliot (18) investigated the properties of G in a mutant of C. sorokiniana devoid of PS II. The experiments were done under reducing conditions, observing the oxidation of the low potential chain induced by the turnover of PS I. A difference spectrum of G was constructed from such experiments. Whereas this spectrum is similar to that of c i in the green region, it differs in the blue region where the main absorption change is observed. The proposed spectrum was an almost symmetrical band shift, with an isosbestic point at 410 nm. The procedure followed by Joliot and Joliot was to subtract two spectra (A and B). Spectrum A was contributed by the oxidized minus reduced changes of G and b H and by the electrochromic changes induced by the membrane potential. Spectrum B, obtained in an independent experiment, contained the same extent of the electrochromic contribution and the b L difference spectrum. The latter was used because the spectrum of b H was not known and it was assumed that the two spectra were very similar. As shown above, this assumption is not valid Ͻ415 nm, which is probably partly responsible for the incorrect spectrum of G in ref. 18 .
Whereas the spectral properties of heme c i and its location closer to the stromal surface with respect to heme b i agree with the features inferred for G from the in vivo results, the energetic pattern in the present redox titrations is significantly different. The sensitive dependence of the redox equilibrium (G red ͞b ox ) 7 (G ox ͞b red ) on the membrane potential requires that the difference of the E m s be small between both partners: a ⌬E m Ϸ20-30 mV was thus estimated. In contrast, at pH 6.5 (as used in the experiments with algae), we found that the E m of heme c i is located Ϸ150 mV above that of b H . An additional problem raised by the sensitivity of the response to the membrane potential is that the transmembrane distance between hemes c i and b i is rather small: for the Fe atoms, it amounts to Ϸ10% of the membrane width. Thus, one expects that, roughly speaking, the electron transfer equilibrium between the two hemes senses only Ϸ10% of the membrane potential (for brevity, we will call the fraction of the membrane potential felt by the two hemes their ''electrogenic distance''). To quantify the observed effect, one would need an estimate of the extent of field-induced G 3 b electron transfer per b 6 f complex. This extent could not be directly determined in ref. 17 , but a quantification was obtained with respect to PS II. It was thus estimated that the membrane potential accumulated by four turnovers of the sole PS II (i.e., 100-150 mV) induced the reaction (G red ͞b ox ) 3 (G ox ͞b red ) to an extent of Ϸ0.7 electron per PS II. The actual extent of electron transfer per complex would thus be 0.7͞n, where n stands for the b 6 f͞PS II stoichiometry. Denoting by ⌬V the electric potential difference applied between the two partners, the fraction of (G ox ͞b red ) is 1͞(1 ϩ 10 ⌬EmϪ⌬V͞60 ). This function shows that the minimum ⌬V required for the displacement of 0.7͞n electron is Ϸ100 mV for n ϭ 1 or Ϸ40 mV for n ϭ 2. We do not know the value of n in this material, but it is usually close to 1 and one may safely assume n Յ 2, which would imply a minimum electrogenic distance of (40 mV͞150 mV) Ϸ30%. There are large error bars in these estimates, but an electrogenic distance of only 10% seems definitely too small to account for the observed effect. Further work will be needed to clarify these discrepancies between in vivo and in vitro results. In the next section, we examine some leads relevant to the issues of the electrogenic distance and the equilibrium constant between the two partners.
Electrogenic Distance. H ϩ movement also must be taken into account when dealing with electrogenicity. The strongest pH dependence (about Ϫ60 mV͞pH unit) was found for c i , indicating that in the explored pH range, the reduction͞oxidation of c i is accompanied by the binding͞release of one proton. Weaker dependencies (about Ϫ15 mV͞pH unit) were obtained for b H and b L so that we ignore for simplicity the partial deprotonation associated with the oxidation of b H . The net charge on c i (neglecting dipolar effects) does not change, because it binds a proton when reduced. Thus, we can portray the movement of charges in the G͞b equilibrium as
The overall change is the transfer of one positive charge from the stromal medium to b H , which means an Ϸ2-fold larger electrogenic distance than that estimated from the transmembrane distance of c i and b H . The effect could still be larger if in vivo a protein partner caps the stromal surface of the complex, thus increasing the distance to the stromal medium.
Another possibility may be considered, where contrary to the arrangement found in the bc 1 complex, one would have b H ϭ b o and b L ϭ b i . The electrogenic distance (from b H to c i or the stroma, as explained above) would then be much larger. To our knowledge, there is presently no evidence (e.g., from mutants, as was the case for the bc 1 , ref. 35 ) that would allow an unambiguous attribution of the high and low potential hemes. Functionally, the location of b L close to c i would imply an uphill electron transfer step in the low potential chain (b H 3 b L 3 c i ) , but uphill steps are not exceptional in electron transfer chains (36) . We obtained however one piece of evidence suggesting that the ''orthodox'' location of b H as b i is correct, namely the 20-to 30-mV upward shift of the E m of b H caused by NQNO. We will discuss later the significance of this effect.
⌬Em Between ci and bH. The ⌬E m obtained in the present redox titrations may not be appropriate to deal with the c i 7 b H electron transfer equilibrium. In our titrations, c i is titrated in the presence of oxidized b H and, conversely, b H is titrated in the presence of reduced c i , so that if any interaction is present (e.g., the oxidation of b H shifts upward the E m of c i ), it should be subtracted from the titration value to obtain the relevant ⌬E m for the equilibrium. Although the protonation of the reduced c i should weaken electrostatic interactions, the proximity of the two hemes makes it likely that a significant interaction still takes place. On the other hand, it should be noted that the ⌬E m corrected from the interaction could not be very small (i.e., Ͻ40 mV), because a split titration would then be expected, with a fraction of b H cotitrating with c i . No such high potential wave was found for b H , to a significant extent, as can be determined sensitively because the ␣ band of b H provides a specific marker. It is actually tempting to interpret the 20-to 30-mV upward shift of b H caused by NQNO as indicative of the magnitude of the interaction between hemes c i and b i (b H ). Because NQNO shifts a large fraction of c i to a low potential E m , a corresponding fraction of b i now titrates in the presence of oxidized c i , contrary to the control titration. If this interpretation is correct, the Ϸ30-mV correction to the ⌬E m would still not be quite sufficient to settle the present issue. Another possibility is that, when investigating the c i ͞b H equilibrium in vivo, the E m of c i may be shifted downward by the presence of a semiquinone in the Q i pocket, explaining the small equilibrium constant between c i and b H . In fact, we observed with NQNO, which is the analogue of a protonated semiquinone (32), a dramatic shift of the E m of c i , by about Ϫ225 mV, which is larger than the about Ϫ100 mV shift that would be required to account for the equilibrium observed in vivo.
Interestingly, in bacterial chromatophores, Shinkarev and coworkers (37) found an efficient reversed electron transfer from b H to b L in the bc 1 complex in response to the membrane potential generated by the reaction center. The effect was consistent with an equilibrium constant of Ϸ10-15 between the two hemes in the absence of membrane potential. However, the equilibrium constant expected from redox titrations (⌬E m Ϸ 135 mV) is rather Ϸ200. Shinkarev and coworkers suggested that electrostatic interactions (between the two hemes of a complex and between the two b L hemes of a dimer) could be responsible for the Ϸ70-mV discrepancy. In the b 6 f complex the ⌬E m between c i and b L is Ϸ260 mV (at pH 6.5), and electrostatic interactions could hardly be large enough to reduce the equilibrium constant to Ͻ10. Thus, despite the attractive analogy with the bc 1 complex, it is unlikely that the b heme involved in the G͞b equilibrium observed in vivo is b L . This equilibrium might, however, span the entire low potential chain if, as considered above, it turned out that b H ϭ b o .
Ligands to the Quinone Pockets. Two ligands appeared to affect heme c i . CO caused a spectral modification of the reduced heme akin to that observed in cЈ-type cytochromes. We have no data on the effect of CO on the midpoint potential of c i , although it is very likely that it induces a large upward shift. Such a shift is related to the greater affinity of CO to a reduced form of the heme (38) . An inhibitory effect of CO for the electron exchange between G and b H in vivo was reported in ref. 18 . NQNO caused no obvious change of the oxidized minus reduced spectrum of c i , but it did affect its redox properties. The titration was split into two waves, both (for pH Ͻ 7.5) at lower potential than the control. The low potential wave retained the Ϫ60 mV͞pH unit dependence of the control but was downshifted by 235 mV. A smaller effect in the same direction was reported for the binding of NQNO to a b heme of formate dehydrogenase (ref. 39 but see also ref. 40) . A decreased E m is thermodynamically equivalent to a stronger binding to the oxidized form of the heme. The observed ⌬E m ϭ Ϫ225 mV (low potential wave) in the presence of 50 M NQNO implies that the dissociation constant for the oxidized heme is in the nM range or below and becomes Ͼ6,500-fold larger for the reduced form (see Appendix, which is published as supporting information on the PNAS web site). It is thus possible that, under our experimental conditions, NQNO was actually released from the Q i site upon reduction of c i . As emphasized in the Appendix, the appearance of two titration waves is not caused by the different affinity depending on the redox state of the heme, which predicts a shifted but homogeneous titration. It must reflect the presence of two forms of the complex. A sample heterogeneity proper is unlikely because the relative amplitude of the two titration waves of c i in the presence of NQNO is pH-dependent, which rather suggests an equilibrium between two conformations. The protonation state of the complex would then control the differential affinity for NQNO of the reduced͞oxidized forms of c i . We feel that these effects may be indicative of a reorganization of the Q i pocket controlled by the redox state of the heme c i .
Conclusion
The emergence of a quite unusual structure for the Q i pocket of the b 6 f complex raises interesting questions. It is not clear whether this arrangement evolved in relation with the specific functions of this complex with respect to the bc 1 (common) ancestor. Alternatively, it may represent an adaptation͞ improvement of the Q i pocket concerning its usual role as the terminal element of the low potential chain in the Q-cycle scheme. In the present study, we have established the connection between earlier functional observations in vivo (the G͞b equilibrium modulated by the membrane potential) and the characterization of the heme c i in the purified complex. Interestingly, new questions arise, because the behavior observed in vivo is not entirely explained by the structural and redox information gained on the complex. More generally, further studies will have to clarify the role of the two hemes (c i and b i ) in the mechanism of PQ reduction in the b 6 f complex.
